Abstract. In many near-surface applications, detailed subsurface characterization is important. Characterization often is obtained using ground-penetrating radar (GPR) or shallow seismic-reflection (SSR)imaging methods, depending upon depth of interest and surficial geology. Each method responds to different physical properties; thus, each may produce different images of the same near-surface volume. By incorporating the two methods, we generated a cross-section of the subsurface at an alluvial test site and identified the depths of three interfaces accurately to +5 cm. We present here experimental results and examples of SSR and GPR images obtained along the same traverse, showing coincident and noncoincident reflections from multiple interfaces within 3 m of the surface.
Introduction
Ground-penetrating radar and SSR techniques are used to provide direct imagery of shallow underground volumes, much as X-ray and ultrasound technologies are used to render medical images of the interior of the human body. Just as the two medical techniques can be used complementarily, these two geophysical techniques have the potential to be used in tandem in many applications. For example, they could be used to assist in inferring paleoclimate from the properties inherent in near-surface stratigraphy, examine shallow aquifers, characterize near-surface geology at environmentally sensitive waste sites, and locate buried faults during neotectonic studies.
Obtaining detailed, horizontally continuous information about the shallow subsurface without resorting to invasive, expensive drilling is the main advantage offered by SSR and GPR. The two approaches are widely used in the environmental industry to characterize and constrain the geometry and lithologies of the near-surface layers, though typically at different scales. Normally, GPR is used to image the upper 10 m of the earth, except where electrical conductivity is unusually low, which allows the radar signal to penetrate more deeply. ing only a single interface, occurring near the deepest limit •f GPR and the shallowest SSR limit (Cardimona et al., 1998) .
With the introduction of modified experimental designs and data-acquisition methods, multiple interfaces at depths of less than 3 m have been imaged using seismic reflection techniques (Baker et al., 1999) . Given such advances in the acquisition of ultrashallow (< 3 m deep) seismic reflection data, a volume of the earth now can be characterized in detail, based on variations in the acoustic and electromagnetic (EM)properties found at multiple interfaces.
Across a geological interface, seismic reflections arise from changes in seismic-wave velocity and mass density. In contrast, GPR reflections result from changes in electromagnetic parameters, i.e., dielectric permittivity, magnetic permeability, and electrical conductivity. Thus, EM parameters may change across an interface when seismic velocity and density do not. Under these conditions, a reflection would appear in the GPR data but not in the seismic data. However, EM parmeters may remain constant across an interface when bulk density or seismic-wave velocity vary; thus, a reflection would appear in the seismic but not in the GPR data. The two techniques can be used complementarily to identify an interface across which both EM and acoustic parameters vary.
Where both techniques work well and yield similar results, GPR usually offers the greater resolution potential of the two, and so can be used to improve SSR data interpretation. Under some conditions, e.g., as in the example discussed above, the two techniques may yield substantially different information concerning the geology of an area. Often, GPR is the most cost-effective method for achieving engineering objectives such as detecting shallow underground voids and locating buried utilities. Where GPR does not work well, e.g., where soils have high near-surface clay content resulting in high electrical conductivity, SSR may offer a suitable alternative.
Among the interfaces imaged by the two methods examined, one was the boundary between a paleosol and an unstratified sand unit at a depth of about 0.6 m, and the other was the boundary between the unstratified sand and a cross-stratified, coarse-sand unit about 1.5 m deep. The cross-stratification within the coarse-sand unit was detected by GPR but not by SSR. Conversely, the top of the saturated zone at a depth of 2.1 m generated a strong seismic reflection but was not easily visible on the GPR sections.
Geologic Setting
Data (SSR and GPR) were collected in the Arkansas River flood plain in central Kansas (Fig. 1) . Previous studies at this test site 
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Three factors are critical to the acquisition of ultrashallow seismic reflection data: 1) within the volume of interest, contrasts in the seismic velocity or bulk density must be large enough to make reflections possible; 2) the dominant frequency content of the seismic data must be high enough to prevent interference between direct-arriving energy and reflected energy; and 3) the near-source wavefield must be sampled densely enough so that sufficient coherency is present to allow the recognition of any reflected events. The first factor is site-dependent, the second is contingent upon site conditions as well as source-and receiver type (Baker et al., 2000a) , and the third is a function of experimental design.
With reference to both GPR and SSR, our site is conducive to the generation of reflections in the upper 3 m of the subsurface because of the multiple acoustical and electromagnetic contrasts present. By using a very small impulsive source, we were able to obtain dominant frequencies of about 400 Hz. Common-midpoint (CMP) seismic data were collected using a 96-channel, 24-bit seismograph, with single, 100-Hz geophones placed at 5-cm intervals. Baker and others (1999) describe the detailed recording parameters and provide data analyses. The source was a .22-caliber rifle inserted 15 cm into a prepunched hole in the earth and fu'ed at horizontal intervals of 10 cm using subsonic .22-short ammunition. The shooting geometry chosen resulted in a CMP interval of 2.5 cm. The common-midpoint fold was typically above 20, and the maximum source-to-receiver offsets were < 3 m.
A combination of traditional processing steps and forward modeling constrained the seismic interpretation (Fig. 2) . The use of modeling as an intermediate step allowed us to estimate error limits pertaining to the positions of the interfaces and the seismic velocities of the layers to within +5 cm and +5 m/s, respectively; changes of this size in either the seisObtaining useful reflection data using GPR depends upon three crucial factors: 1) sufficient contrast in the EM parameters within the volume of interest, 2) conductivity low enough to allow the signal to propagate to the depth of interest and return to the receiving antenna with an amplitude high enough to be detected, and 3) a dominant frequency content sufficiently high to prevent interference between direct-arriving energy and reflected energy. The first two factors are sitedependent, whereas the third is dependent upon site conditions as well as on the center frequency of the source-and receiver antennas. Generally, the recorded dominant frequency of the data shifts toward the lower frequencies, varying inversely with the relative permittivity of the media (Daniels, 1996) .
The gathers. Differentiating the coherency attributable to reflections from coherency due to direct-arriving energy is a primary issue. In Figure 4 , the events identified as reflections occurred only after 10 ns. These corroborated reflection events were then extrapolated to the common-offset profile (Fig. 5) . The GPR data shown in Figure 5 were collected using 225-MHz bistatic antennas for a period of 100 ns, at a sampling interval of 0.2 ns, with 128 stacked pulses. The stepsize of the common-offset profile was 10 cm when antenna separation was 0.5 m, and 300 traces were recorded. Except for the antenna geometry, the CMP gathers used to determine velocity (e.g., Fig. 4) were collected by employing the same acquisition parameters used for the common-offset profile. For the CMP gathers, the source-and receiver antennas were moved away from each other along the main profile at 5-cm increments, using an initial antenna separation of 0.55 m. To create Figure 5 , the seismic data interpretation was superimposed onto the GPR data after a time-to-depth-to-time conversion was done to account for the different propagation velocities of SSR versus GPR energy. Currently, no numerical inversion routine encompassing both SSR and GPR data is available. The only method of combining the two is to merge the interpretations of the two data sets qualitatively. The result of the qualitative synthesis is shown in Figure 6 . Both SSR and GPR detected the three layers located above the saturated zone. Several intralayer reflections were detected by GPR but not SSR. These were interpreted to be second-order surfaces lying within the main sedimentary packages. The top of the saturated zone, at a depth of 2.1 m, was imaged by the seismic method, but it was not detected by GPR.
GPR Quality Control
Although the GPR and SSR dominant wavelengths were comparable, the seismic and EM energy responded differently to the presence of interstitial water. The presence of water, even in small amounts, strongly affects the propagation velocity of EM energy; thus, the entire zone of gradational saturation change near the water table appears to have affected the GPR signal when the 225-MHz antennas were used. We suspect that the G PR responded to the top of the saturated zone as though it were a diffuse boundary (when compared to the dominant wavelength of the signal), which caused a significant decrease in reflection amplitude; thus, no reflection was detected. • (Domenico, 1974) . The seismic energy responded to a relatively sharp velocity gradient just above the top of the saturated zone, and the energy was reflected back to the detectors at the surface. Therefore, for the same wavelength of energy, the seismic method generated a reflection, whereas GPR did not. To verify our geophysical interpretations, we dug a hole (1 m x 2 m) by hand from the surface to the top of the saturated zone (see Fig. 1 ). The first sedimentary layer we encountered is a recent soil profile developed in loamy and sandy alluvium with a similarly developed paleosol at its base. The second layer, comprising about 0.5 m of unstratified sand, is bounded at the top by an erosional unconformity. The third consists of cross-stratified, poorly sorted, coarse sand to medium gravel. The stratigraphy of the vadose zone (Fig. 7) suggests that the three layers detected correlate to the three distinct sedimentary packages. With respect to the third layer, the geophysical data indicate that it begins at a depth of 1.5 m, whereas the hand-dug hole shows the interface to be at 1.1 m. We believe the discrepancy to be due to a slight variation in the near-surface stratigraphy between the geophysical test lines and the hand-dug hole. In addition to the GPR and SSR reflections from the interfaces separating the three sedimentary packages, we observed intralayer GPR reflections likely to have originated from cross-bedding surfaces or lenses of unidentified material not encountered in the hand-dug hole.
Seismic/GPR-Based Geobgic Interpretation

Discussion
Two geophysical techniques were used to image several reflectors within the same volume of alluvium at depths < 3 m.
Imaging multiple layers of vadose-zone stratigraphy by merging qualitatively similar results from SSR and GPR surveys allowed the two techniques to be used to reinforce each other. The interpretation based on the merged results was more complete than interpretations supported by either data set alone. The authors found that the keys to success included favorable geology, high-frequency seismic and EM-wave propagation, and small seismic sensor spacings (i.e., only a few centimeters). Although GPR imaging in this depth range is common, SSR imaging so near the surface has been reported only recently (e.g. , Baker et al., 1999; Baker et al., 2000b) . The images of vadose-zone stratigraphy produced by each of the techniques proved to be similar, except that the top of the saturated zone at a depth of 2.1 m was discernible in the seismic data but not in the GPR data. Nevertheless, the results demonstrate that under favorable conditions a more detailed characterization of the shallow subsurface is possible using both techniques together and that a resolution potential of about 10 cm can be achieved, with an interface depth accuracy of ñ$ cm. A further implication is that SSR may offer a suitable near-surface imaging alternative in cases where the GPR signal is likely to be attenuated.
